The MIND0/3-F0RCES method is applied for the calculation of the 1 CH2-1-H2 CH4 reaction. The variation of geometry is carried out in such a manner as to allow for the deviation from the Csv symmetry along the H 7 -CH, reaction coordinate. The changes in the geometric parameters of the system during the reaction are followed. It is found that the transition state of the reaction corresponds to ß = 1.8Ä and has a geometry closer to the reactants than the products. The calculated activation energy is 13.57 kcal/mol and the calculated reaction enthalpy 106. [4] could be improved. We report here MINDO-FORCES calculation results for two reactions of considerable interest to organic and theoretical chemists. First the reaction of single methylene with H2, then the dissociation reaction of CH4' + ion into CH3" + H + are studied. Both reactions were followed along their paths of least energy, starting with the minimized structure of the reactants. Further, the structure of both benzyl and vinyl radicals as well as the rotation barrier of the first radical are studied.
In a recent paper [1] a new method (MINDO-FORCES) for the minimization of molecular energies and the calculation of equilibrium geometries was described. The method was essentially based on the Murtagh-Sargent minimization technique [2] , Pulay's FORCE method [3] and the MINDO-SCF MO model. Applied to the treatment of various organic molecules, the MINDO-FORCES yielded energy values and geometries in good agreement with the experimental results. In many cases the calculated MINDO values of Dewar et al. [4] could be improved. We report here MINDO-FORCES calculation results for two reactions of considerable interest to organic and theoretical chemists. First the reaction of single methylene with H2, then the dissociation reaction of CH4' + ion into CH3" + H + are studied. Both reactions were followed along their paths of least energy, starting with the minimized structure of the reactants. Further, the structure of both benzyl and vinyl radicals as well as the rotation barrier of the first radical are studied.
Reaction of singlet methylene with the hydrogen molecule
The type of reaction of methylene with H2 molecule depends on its electronic configuration (triplet or singlet) [5] . Triplet methylene ( 3 CH2) is known to abstract a hydrogen atom from the molecule;
CH2 + H2->CH3+H
whereas singlet methylene undergoes an insertion reaction in the H -H bond [5] .
CH2 + H2->CH4
Nonempirical quantum mechanical calculations where reported by Schaefer et al. [6] . The insertion reaction was studied theoretically by Kollmar using CNDO method [7] , Pedley et al. [8] and by Cremaschi and Simonette [9] using ab initio methods. The CNDO calculation yielded an activation energy 13 kcal/mol while both ab initio calculations yielded activation energies bigger than 50 kcal/mol. Braun et al. [10] studied the kinetics of the singlet and triplet methylene reactions experimentally.
On preparing this manuscript we became aware of a recent work of Schaefer et al. [11] reporting an extensive ab initio Cl study of the reaction. Inspecting the structure of the resulting occupied MOs of the reactants and products they came to the conclusion that the reaction should be forbidden according to the Woodward-Hoffman rules. Their calculated activation energy was 26.7 kcal/mol, smaller than the values of the other, single determinant, ab initio calculations [8, 9] . The saddle point of their calculated potential surface corresponds to the values, .74 Ä H-H(Ho) and 172.4° HCH bond angle in
Choice of the Initial Geometry
The initial geometry of the reaction system corresponds to a C2V arrangement such that the plane containing the H2 molecule and the C atom bisects the HCH bond angle of the methylene group (Figure 1) . The hydrogen molecule approaches J CH2 along the :r-axis in the fFCH 2 plane (x-y plane). The following initial values of the coordinates are diosen for the calculation of the first point (R = 3.2 Ä) on the reaction path; 1.5 Ä for the H2 bond, of an antibonding AS MO of the reactants with a bonding SS MO of CH4 during the reaction (Scheme 1). The path of the reaction is obtained by plotting the values for the heat of formation against R (reaction coordinate) as shown in Figure 2 . It goes through a transition state at 7? = 1.8Ä and proceeds towards the product {R = 0.633 Ä). The geometry of the transition state is closer to the reactants than the products, in agreement with the ab initio-CI results [11] and with Hammonds suggestion [12] that, in the highly exothermic reaction the transition state should resemble the reactants. Inspection of the geometric parameters indicates that the transition state maintains the C?v symmetry. The HCH angle of methylene remains constant (101°) up to the transition state and increases after that to
J3
118.2° (Ä = 1.0Ä). It decreases then to 109.5° at R = 0.633. Figure 3 shows the variation of this angle along the reaction coordinate. Also the C -H bond distance of 1 CH2 remains constant (1.122 Ä) up to R = 2.5 Ä and is 1.12 Ä at the transition state. After that it decreases and then increases as shown in Figure 4 . The H^H 2 angle undergoes a continuous increase (13.3° to 112.6°) along the reaction path. The change in energy corresponds to an activation energy of 13.57 kcal/mol. The calculated reaction enthalpy is 106.36 kcal/mol. This value is greater than the speculated value of Pedley et al. [8] (47.85 kcal/mol) based on ab initio calculation and closer to the experimental value (118.9 kcal/mol) obtained from the summation of the heats of formation.
Schema

Calculation of the Equilibrium Geometry of CH4' + and the Path of its Decomposition
Reaction CH4 + CH3 + + H
The structure of the methane radical cation CH4' + was first studied by Coulson and Strauss [13] . They pointed out that removing an electron from a bonding molecular orbital of methane causes a JahnTeller distortion of the tetrahedral symmetry [14 -15] . As possible structures of the formed radical cation they considered both tetragonal (Doj) and trigonal (C3v) geometries ( Figure 5 ).
Many other workers followed them in the calculation of CH4' + structures [16 -18] . Dixon carried out ab initio calculations [19] for the three structures (Td, D2d and C3V) using fixed C -H bond lengths (1.147 Ä). He calculated a minimum energy for the 7\j structure, -39.66 a. u., for the Do( = 118.8°. The D2d structure was predicted by them to represent the most stable configuration. Olah and Klopman [21] calculated the various possible configurations of CH4 + by the PNDO method [22] . They concluded a planar structure of the ion with 2H atoms undergoing a 3 center bond with the C atom as shown in Figure 6 .
However, they did not minimize the energy with respect to the geometric parameters of the ion.
We have carried out MINDO/3-FORCES calculations for the CH4' + ion minimizing its energy with respect to all geometric parameters. The initial geometry is considered to be equivalent to the minimized geometry of CH4 ( Table 2 ). The final molecular geometry (Fig. 7) is obtained after 62 geometric iterations.
Its calculated heat of formation 269.68 kcal/mol, shows good agreement with the experiment [23] (274.0 kcal/mol). The resulting geometry represents an almost D2<I structure, in agreement with the conclusions of Dixon [19] and Pople et al. [20] . No detailed experimental evidence about the structure of the cation is known yet.
The path of the decomposition reaction CH4' + ->• CH3 + + H' was studied by calculating the heats of formation of the cation with different values of the CH 1 bond distance (as reaction coordinate R), and varying the other parameters to obtain minimum energy. The calculated heats of formation are plotted against the C -H 1 bond distances (/?) in Figure 8 . The heat of formation at infinite separation corresponds to the sum of the calculated heats of formation of CH3 + and H' atom. The calculated activation energy of the decomposition reaction is 84.54 kcal/ mol. The calculated heat of reaction 42.83 kcal/mol shows a remarkable agreement with the experimental value (38.10 kcal/mol), obtained from the sum of the experimental heats of formation of CH4' + , CH3 + and H\ It is interesting to note the change of the other geometric parameters along the reaction path. The C -H 4 bond distance decreases to a minimum (1.122 Ä) at C-H 1 distance 2.118 Ä, then in- creases to a maximum (1.155 Ä) at C -H 1 distance 2.5 Ä and finally decreases to 1.126 Ä at C-H 1 3.5 Ä. The C -H 2 and C -H 3 bonds remain equal in length along the reaction path. They decrease to a minimum (1.095 A) at C -H 1 distance 2.5 Ä and remain almost constant as this increases to 3.5 Ä (Figure 9 ).
The bond angle H 2 CH 3 increases to a maximum (143.9°) at C-H 1 distance 2.9 Ä and then increases gradually to 144.3° at C-H 1 3.5 Ä. The angles H 3 CH 4 and H 2 CH 4 remain equal along the reaction path. They increase to a maximum (94.7°) at C -H 1 distance 2.118 Ä, then remain almost constant to C -H 1 2.9 Ä and increase finally to 96.6° at C -H 1 3.5 Ä. The variation of these angles and the other two angles H^H 4 and H J CH 2 are shown in Figure 10 .
The calculated atomic electron densities of CH4' + along the reaction path are plotted in Figure 11 . It is seen from this figure that the electron density on the carbon atom decreases to approach that of CH3 + 
The Benzyl Radical
The configuration of the benzylradical was formerly studied by one of us [7] using the ^i-SCF-MO method Dewar et al [9] . He found that the energy of the radical increased on rotating the CH2 group up to 50° and then decreased on going to 0 = 90°. According to his calculation the perpendicular structure of the radical forms an intermediate which is less stable than the planar structure by 2.3 kcal/mol. We have carried out MINDO/2-and MINDO/3-FORCES calculations for this radical with different rotation angles. The results listed in Table 3 show that the application of both methods confirms that the perpendicular structure should form an intermediate rather than a transition state of the rotation process. The rotation transition state is equally resembled by the rotation angles 60° and 120°. [7] and the experiment (45.0 kcal/mol) [11] .
Structure of the Vinyl Radical
The structure and heat of formation of the vinyl radical was subject to various experimental [24, 25] and theoretical studies [26 -29] . We have carried The calculated ground state equilibrium geometry compared with that of Pople et al. [27] and Linnett et al. [29] is shown in Table 6 . The C = C bond (1.275 Ä) is calculated shorter than that of ethylene (1.316 Ä) and the C 1 -H 2 bond is longer than the other two C -H bonds, in agreement with the results A number of geometric iterations. B maximum force (a.u.). of Linnett et al. [29] . Deformation of the C 2 -H 3 bond from its equilibrium position causes a considerable change in the other two C-H bond lengths.
The calculated spin densities of the unpaired electron on H 1 , H 2 and H 3 are 0.0518, 0.1715 and 0.0333 respectively. The e.s.r. measurements [26] indicated three non-equivalent protons, with the largest spin on H 2 , in agreement with the present calculated spin densities.
